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superhydrophobicityThe wet ability of micro and nanocrystalline diamond ﬁlms (MCD and NCD) coated with PTFE was investigat-
ed. The diamond ﬁlms were grown by microwave plasma CVD with and without nitrogen addition. Both
surfaces of the diamond ﬁlms were evaluated by atomic force microscopy (AFM) and scanning electron
microscopy (SEM). Apparent, advancing and receding water contact angles (WCA) were measured before
and after the PTFE coating. The roughness of the microcrystalline diamond ﬁlms together with the nanostruc-
tured PTFE coating resulted in super hydrophobic surfaces with water contact angle of 165° ± 2° and very
low hysteresis (4°). For nanocrystalline diamond ﬁlms, the contact angle was also very high (149° ± 2°)
but the hysteresis remained above 90°.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Surface wet ability is an important parameter for several techno-
logical applications, including thin ﬁlm technology, lubricants, anti-
fouling paints, self-cleaning windows and water repellent textiles. It
is well known that the hydrophobic properties depend on surface
energy and on surface topography. The contact angle between a ﬁlm
and a liquid reveals information about the functional groups at the
surface, as well as about the interaction between liquid and surface.
Smooth surfaces with very low surface energy have a maximum
contact angle of 120° [1]. Changes in the surface topography are
necessary to reach higher contact angles. The so-called lotus effect
requires textures in the nano and micrometer range, combined with
a particular chemical composition to reach water contact angles
greater than 150° and low angular hysteresis [2,3].
Diamond is an outstanding material, with extraordinary mechan-
ical and thermal properties. It is also biocompatible and has been
investigated for applications as a biomaterial due to the possibility
of surface functionalization to provide chemical bonding to biomole-
cules [4,5], as well as of tailoring its wet ability [6]. Hansen et al. [7]
investigated the hydrophobic behavior of single crystalline diamond
considering both (111) and (110) faces. They measured advancing
contact angles with water of 76° for the (111) face and 71° for the00 CP 15051, Porto Alegre, RS,
51 3308 7286.




nrights reserved.(110) face. They also showed that the contact angle strongly depends
on hydrogen and oxygen termination.
Chemical Vapor Deposited (CVD) polycrystalline diamond ﬁlms
are grown over a substrate immersed in plasma containing hydrogen
and carbon atoms under high temperature. The microstructure of the
ﬁlms consists of micrometric or nanometric size diamond grains,
strongly connected by grain boundaries containing disordered car-
bon. These ﬁlms are also usually hydrophobic, due to the hydrogen
terminations of the dangling bonds at the surface of the diamond
grains [8]. Ostrovskaya et al. [9] investigated the wet ability and the
free surface energy of diamond ﬁlms induced by hydrogenation and
by oxidation. Using the sessile drop method, they found that the wet-
ting angle of hydrogenated surface of CVD diamond ﬁlms was 93° for
water, whereas the angle for the oxidized surface was 32°. According
to them, the surface energy decreases due to the adsorption induced
by hydrogen surface reconstruction, saturating the dangling bonds.
The oxidation of the ﬁlm surface induces hydrogen desorption, in-
creasing the surface energy and the hydrophilicity. Zhao et al. [5]
showed that it is possible to switch, in a reversible way, the wet abil-
ity of diamond ﬁlms from super hydrophobic to super hydrophilic by
alternation of hydrogen and oxygen plasma treatment, combined
with surface topography in the micrometric scale. Similar results
were obtained by Karlsson et al. [6], reaching the super hydrophobic
state by controlling the termination groups with oxygen, hydrogen
and ﬂuorine, associated with surface topographic patterning. The
wet ability of nanocrystalline diamond ﬁlms has also been investigat-
ed in the context of biomedical applications [10].
Diamond-like carbon (DLC) coatings have been investigated for
several applications due to their tribological properties, such as high
hardness and wear resistance, low friction coefﬁcient and good resis-
tance to corrosion. Since they are also biocompatible, they have been
Fig. 1. X-ray diffraction patterns of MCD and NCD ﬁlms.
Table 1
Data obtained from X-ray diffraction patterns of MCD and NCD ﬁlms.
Samples (hkl) 2θ(°) FWHM (°) I(220)/I(111)
MCD (111) 44.026 ± 0,001 0.157 ± 0.002 0.3
(220) 75.40 ± 0.01 0.17 ± 0.03
(311) 91.53 ± 0.04 0.4 ± 0.1
NCD (111) 44.05 ± 0,02 0.592 ± 0.007 1.8
(220) 75.577 ± 0.001 0.462 ± 0.003
(311) 91.702 ± 0.006 0.66 ± 0.03
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based surgical instruments [12]. The addition of ﬂuorine to
diamond-like carbon ﬁlms improves the hydrophobicity of the
surface, with contact angles approaching that of PTFE, whereas the
mechanical properties of DLC are far superior to those of PTFE [13].
Schulz et al. [14] obtained a contact angle greater than 150° on a
laser structured surface coated by ﬂuorine and aluminum doped
DLC ﬁlm. Sanchez et al. [15] observed that the incorporation of nitro-
gen into ﬂuorinated DLC ﬁlms modiﬁes the surface hydrophobicityFig. 2. Raman spectra obtained for (a) smooth anand friction behavior. Recently, Wang et al. [16] produced super
hydrophobic DLC ﬁlms by nanocasting, electroplating and physical
vapor deposition, using a lotus leaf as template, obtaining contact
angles of 160°.
Ostrovskaya [17] investigated the effect of different liquids on the
wet ability of polycrystalline diamond ﬁlms and DLC ﬁlms, conﬁrming
that the hydrogen termination at the surface of these ﬁlms plays an
important role during the interaction with the liquid drop.
In this work, nanocrystalline diamond ﬁlms (NCD) and microcrys-
talline diamond ﬁlms (MCD) were produced by microwave plasma
CVD, with and without nitrogen addition, respectively. The wet ability
of the diamond ﬁlms coated by PTFE was investigated by water
contact angle and by the wetting angle hysteresis measurements.
2. Materials and methods
2.1. Diamond ﬁlms
The diamond ﬁlms were grown in a microwave plasma assisted
CVD reactor ASTEX AX5400 (2.45 GHz) at 2.5 kW during 5 h. The
substrates of partially stabilized zirconia (PSZ) [18] 2 mm thick and
26 mm diameter were previously polished with diamond paste of
2-4 μm grain size in the case of MCD, whereas, for the NCD ﬁlms,
the substrates were immersed in an ultrasonic bath with a solution
of alcohol, deionized water and ultra disperse diamond powder
(50 l/ct) [19]. The total plasma pressure was 70 torr and the substrate
temperature was between 700 °C and 800 °C. The gas mixture
consisted of 94% H2 and 6% CH4 for MCD deposition, whereas N2
was added to the plasma (0.9%) for growing NCD. The thickness of
the MCD ﬁlms was ~8 μm, with grain sizes in the range of 1 to
8 μm, and the thickness of the NCD ﬁlms was ~12 μm with grain
sizes in the range of 30 to 350 nm. Since the diamond ﬁlms did not
adhere to the zirconia substrate, both top (rough) and bottom
(smooth) surfaces of the diamond ﬁlms were available for contact
angle measurements.
2.2. PTFE coating
A thin layer of PTFEwas evaporated on both surfaces of the diamond
ﬁlms by physical vapor deposition (PVD) at about 2 × 10−4 Pa using a
molybdenum boat. The thickness of the PTFE ﬁlm was about 120 nm
and it was monitored by a quartz microbalance.d (b) rough surfaces of MCD and NCD ﬁlms.
Fig. 3. AFM images of: (a) smooth surface of MCD diamond ﬁlms, (b) and (c) rough surface of MCD and NCD ﬁlms, respectively.
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WCA of both surfaces of the NCD and MCD diamond ﬁlms, before
and after the PTFE coating, was measured using the sessile drop
method by pouring 4-6 μL droplets of distilled water from the endFig. 4. SEM images and static water contact angle on the smooth and roof a syringe needle on the horizontal ﬁlm surface. The cross section
of the droplets was observed directly with an Olympus BX-41 micro-
scope objective lens and they were digitally captured using a 1.4
megapixel computer-controlled CCD camera. The values reported
here are averages of more than 20 measurements performed inugh surfaces of MCD and NCD ﬁlms, before and after PTFE coating.
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ments were performed using a mechanical level goniometer. The ad-
vancing and receding contact angles were measured on both sides of
the drop and on at least three different locations only for the rough
side of the MCD sample coated with PTFE. For all the other samples,
the water drop did not move from even for an inclination of 90°.
2.4. Analytical techniques
Themorphology of the surface of the diamond ﬁlms was evaluated
by scanning electron microscopy (SEM) at 20 K V, as well as by atom-
ic force microscopy (AFM) in tapping mode, at room temperature in
air, by using silicon tip probes with radius of curvature of 10 nm.
X-ray diffraction performed with Cu-Kα (λ = 1.5418 Å), using a
graphite monochromator in a D500 Rigaku diffractometer, and
Raman spectroscopy, with 633 nm laser excitation, were used for
structural characterization of the diamond ﬁlms.
3. Results and discussion
Fig. 1 and Table 1 show the results obtained from X-ray diffraction
analysis of the diamond ﬁlms. The MCD ﬁlms were grown without ni-
trogen in the plasma and show well deﬁned and narrow diffraction
peaks. For the NCD ﬁlms grown with nitrogen, the peaks are broader
and a texturization of (220) planes is observed, as indicated by the
large I220/I111 ratio shown in Table 1 [20].
Raman spectra measured for both surfaces of MCD and NCD ﬁlms
are shown in Fig. 2. For the MCD samples, it was possible to detect the
Lorentzian peak of diamond at ~ 1333 cm−1. The Raman spectra of
the NCD ﬁlm presented the typical features of nanodiamond ﬁlms
[21–25], where the effect of phonon conﬁnement is signiﬁcant
[20,26,27]. Furthermore it was possible to detect the peaks related
with the G-band at ~1574 cm−1 and with trans-polyacetylene
(t-PA) at ~ 1136 and 1439 cm−1 [28].
The smooth surface of the diamond ﬁlms remained in contact with
the zirconia substrate and the rough surface remained in contact with
the reactive plasma during the CVD process. The topography of theFig. 5. Water contact angle for both surfaces of MCD and Nsmooth surface of the ﬁlm is usually a copy of the substrate surface
relief, including polishing scratches and grain boundary contours, as
shown in the AFM 3D image of Fig. 3a. The topography of the rough
surface is deﬁned by the diamond grains geometry which, in turn, de-
pends on the CVD conditions (temperature, plasma composition, time
of deposition). Fig. 3b and c show the AFM 3D images for the rough
surfaces of MCD and NCD ﬁlms, respectively. It is possible to observe
the faceted morphology, predominantly (111), for the MCD ﬁlm and
the ballas type morphology for the NCD ﬁlms [22]. The root-
mean-square (rms) roughness value for MCD ﬁlms is between 275
and 334 nm, calculated from a 10 × 10 μm2 AFM image. For the
NCD ﬁlm, it is between 73 and 83 nm, calculated from a 4 × 4 μm2
AFM image.
SEM images of the ﬁlm surfaces are shown in Fig. 4 together with
the static water contact angle results, before and after the PTFE coat-
ing. The MCD and NCD ﬁlms without PTFE coating presented hydro-
phobic behavior, except for the rough surface of the NCD ﬁlm which
presented a contact angle slightly smaller than 90°. The analysis of
the hysteresis of the ﬁlms without PTFE coating showed high values
since there was no displacement of the droplets even for surface incli-
nation close to 90°.
When CVD diamond ﬁlms are deposited on conventional silicon
substrates, the ﬁlm remains strongly bonded to the substrate due to
the formation of a thin SiC layer in-between them. To remove the di-
amond ﬁlm it is necessary to chemically etch the silicon substrate and
the termination groups at the smooth surface of the diamond ﬁlm
would certainly be affected by this aggressive chemical procedure.
This is not the case for the ﬁlms deposited on zirconia substrate
because the detachment of the ﬁlm from the substrate happens dur-
ing the deposition process where the smooth surface of the ﬁlm is
also embedded in the plasma. The WCA angle for the smooth surfaces
of both MCD and NCD were already high even before the deposition
of the PTFE ﬁlm probably due to the saturation of the dangling
bonds with hydrogen.
Fig. 5 clearly shows the signiﬁcant increase of the water contact
angle observed after coating the surface of the diamond ﬁlms with
PTFE, reaching the super hydrophobic behavior. The contact anglesCD diamond ﬁlms, with and without the PTFE coating.
Table 2
Comparison of the water contact angle results found in the literature for diamond and
amorphous carbon ﬁlms and in the present work.
Description of the sample Contact angle
Amorphous carbon ﬁlm produced combining nanocasting,
electroplating and physical vapor deposition [16]
160°
Amorphous carbon ﬁlm with periodic structures generated
by laser-structuring and by electroplating [14]
150°
Amorphous carbon ﬁlm with different ﬂuorine content [13] 107°
Polycrystalline diamond ﬁlms with hydrogen termination [17] 93°
Polycrystalline diamond ﬁlms with oxygen termination [17] 32°
Polycrystalline diamond ﬁlms via surface nanostructuring by
reactive ion etching and chemical modiﬁcation with
perﬂuorosilane (nanowhiskers array) [31]
165°
MCD rough surface with PTFE (this work) 165° ± 2°
NCD rough surface with PTFE (this work) 149° ± 2°
PTFE [13] 109°
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the large difference in the surface roughness as measured by AFM
(Fig. 3). However, the behavior of the advancing and receding hyster-
esis was completely different for both kinds of ﬁlms after PTFE coat-
ing: for the MCD rough surface, the advancing angle was 167° ± 2°
and the receding angle was 163° ± 2°, corresponding to a small hys-
teresis of about 4°, whereas for the NCD rough surface, the hysteresis
remained very high, with no displacement of the droplet after inclina-
tion of the surface by 90°. This result suggests that the interaction
between water and the PTFE coated diamond ﬁlm surface follows
the Wenzel model [29] for nanocrystalline diamond, with a large
contact area. In the case of the microcrystalline diamond ﬁlm, the
larger roughness of the surface probably increased the amount of air
enclosed in-between the droplet and the surface, following the
Cassie-Baxter model [30].
Table 2 presents a comparison of the results obtained in this work
with results found in the literature for the water contact angle of di-
amond and amorphous carbon ﬁlms. Values higher than 150° were
only obtained after structuring the surface of amorphous carbon
ﬁlms or CVD diamond ﬁlms with sophisticated patterning systems
[13,15,31]. In this work, we obtained very high contact angle results
combining the pristine surface topography of nano and microcrystal-
line diamond ﬁlms with the deposition of PTFE coating, using a simple
physical vapor deposition method. The SEM images of the diamond
ﬁlms after coating (Fig. 4) showed that the thickness of the PTFE
was small enough to preserve the original topography of the diamond
grains. On the other hand, the large increase of the contact angle after
coating clearly revealed that the surface energy of the ﬁlms decreased
considerably. The C-H termination groups at the surface of the dia-
mond ﬁlms, before the PTFE coating, were not suitable for the interac-
tion with polar molecules such as water, resulting in a hydrophobic
behavior [10], as indicated in the results shown in Fig. 5 without
PTFE. The deposition of the PTFE ﬁlm improved the hydrophobic
behavior, and the contact angle results were higher than the value
corresponding to PTFE itself (~109°). Therefore the combination of
the surface topography of the diamond ﬁlms and the PTFE surface
energy yielded a super hydrophobic behavior for the diamond ﬁlms.
4. Conclusions
Self-standing micro and nanocrystalline diamond ﬁlms (MCD/NCD)
produced by microwave plasma CVD in zirconia substrates, with and
without nitrogen addition, respectively, were coated by PTFE. Thewet ability was studied by water contact angle measurements. The
WCA of the rough surface of MCD ﬁlm increased from 104° ± 2° to
165° ± 2° after coating with PTFE, showing a very low hysteresis of
4°. For the rough surface of the NCD ﬁlm, the WCA increased from
87° ± 3° to 149° ± 2° but the hysteresis remained large. These unusu-
ally large values of contact angle for diamond ﬁlms were obtained
through the simple deposition of PTFE by physical vapor deposition.
They probably result from the combination of the surface topography
of the diamond ﬁlms and the hydrophobic property of the PTFE itself.Acknowledgments
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